ABSTRACT In addition to small amounts of minerals and carbohydrates, most of the dry matter of chicken egg white is protein, making egg white an ideal resource for obtaining food proteins. Ovalbumin (OVA), which accounts for more than 50% of the total egg white protein, is one of the most widely studied food proteins due to its multiple functional properties, and it has also been used as a model protein molecule in many research fields. The objective of this study was to develop a simple and rapid method for the purification of OVA from egg whites on large scale. First, OVA was separated from ovomucin, ovotransferrin, and ovomucoid by polyethylene glycol (PEG) concentration, using the following optimal parameters: the PEG concentration was 15%, the pH was 6.5, the salt concentration was 100 mmol/L, and the operating temperature was 10
INTRODUCTION
Ovalbumin (OVA) makes up 50 to 60% of the total protein in chicken egg white (CEW) and has been widely applied in the food industry because of its gelation and foaming properties (Mine and D'Silva, 2008; Abeyrathne and Ahn, 2015) . As one of the most common "representative proteins," the well-known molecular structure and ease of acquisition make OVA an ideal reference for studying the properties of other food proteins in food-related chemical and textural studies (Xiong et al., 2016; Geng et al., 2018) . Additionally, OVA is also used in other research fields, including as a model protein or a standard protein molecular weight marker in biochemistry studies (Du et al., 2015; Duque et al., 2018) . However, these high value-added applications need high-purity OVA, at usually more than 90% purity, so the separation and purification of OVA from CEW is particularly important. Until now, a variety of OVA purification methods have been established. However, most of these are based on liquid chromatography (Abeyrathne et al., 2014; Upadhyay et al., 2016) . Considering the expense of chromatographic packing, these OVA purification methods are scale-limited and costly. In our previous study, polyethylene glycol (PEG-8000) was used for the separation of egg white proteins, and the results showed that as the PEG concentration increases, ovomucin (OVM) precipitates first (3 to 5% of PEG-8000), followed by ovotransferrin (OVT) and lysozyme (3 to 12% of PEG-8000), whereas most of the OVA can be dissolved in a 12 to 15% PEG-8000 solution . Therefore, according to the precipitation order of different egg white proteins in a PEG solution, OVA can be separated from other egg white proteins using PEG precipitation in the appropriate concentration range. These findings provide a strategy for the rapid preparation of high-purity OVA on a large-scale basis.
Based on the previous study, the present work aims to establish a large-scale purification method of OVA from CEW. First, the distribution of OVA in PEG solutions with different concentrations was examined, and an optimal concentration of PEG precipitation was determined for obtaining an OVA-rich fraction. Second, the influence of operating conditions on PEG precipitation, such as pH, salt concentration and temperature, was inspected, improving the purity and yield of OVA. Finally, isoelectric point precipitation was used for precipitating OVA from the PEG solution, thereby allowing high-purity OVA to be obtained and protein-free PEG solutions to be recycled.
MATERIALS AND METHODS

PEG Precipitation
The PEG precipitation was according to a previous protocol with modifications (Geng et al., 2013) . Briefly, fresh CEW (1 kg) was collected and homogenized using a magnetic stirrer for 15 min (500 r/min). Then, an equal mass of PEG-8000 (ST483, Beyotime Institute of Biotechnology, Shanghai, China) solution was added to the egg white to prepare the mixed CEW-PEG solution at concentrations of 0, 3, 6, 9, 12, 15, 18, and 21% of PEG (w/w) . After 30 min of stirring (300 r/min) at room temperature (approximately 20
• C), the CEW-PEG solutions were centrifuged at 15,000 × g for 15 min (H1750 R, Xiangqi Centrifuge Instrument Co., Ltd., Changsha, China). The supernatants (S 0 , S 3 , S 6 , S 9 , S 12 , S 15 , S 18 , and S 21 ) and precipitations (P 0 , P 3 , P 6 , P 9 , P 12 , P 15 , P 18 , and P 21 ) were collected separately and then stored at 4
• C until further analysis. For the optimization of PEG precipitation, the influence of operating conditions, such as pH, salt concentration, and temperature, was investigated. The pH value of the CEW-PEG solution was approximately 9.2 under natural conditions. To study the effect of pH on PEG precipitation, the CEW-PEG solution was adjusted to 4.0, 4.5, 6.5, and 8.5 by the addition of HCl (0.1 mol/L). The effect of salt concentration on PEG precipitation was studied by adding NaCl to the CEW-PEG solution to a final concentration of 50, 100, 200, and 500 mmol/L, respectively. For the temperature, a biochemical incubator (BSP-250, Boxun Industry & Commerce Co., Ltd., Shanghai, China) was used to control the temperature during the precipitation, and 5, 10, 15, and 25
• C were selected for this study, using room temperature (at approximately 20
• C) as a control. Each experiment from this section was repeated 3 times.
Isoelectric Precipitation
The pH value of the S 15 solution was adjusted to 4.5 using HCl (0.1 mol/L), and after stirring at 4
• C for 15 min, the solution was centrifuged at 15,000 × g for 15 min. The precipitate was collected and dissolved in phosphate-buffered saline buffer (PBS, 10 mmol/L of phosphate, 137 mmol/L of NaCl, pH 7.2) with a final mass of 1 kg, which was the purified OVA solution that was used for purity determinations and yield calculations. 
Recycling of PEG
The supernatant from the centrifugation of the isoelectric precipitation step was collected, and vacuum dried at 50
• C and 133 Pa (DZF-6020, Shanghai bluepard instruments Co. Ltd., Shanghai, China), then the dried PEG powder was recycled in the PEG precipitation step. The scheme of this entire purification process is shown in Figure 1 .
SDS-PAGE
SDS-PAGE was performed as described in previous research with some modifications (Geng et al., 2013) . Samples were dissolved and/or diluted to a protein concentration of 2 mg/mL using PBS buffer. Then, 80 μL of the diluted sample solution was taken and added to 20 μL of loading buffer (×5). After incubation in boiling water for 5 min, 10 μL/lane was loaded on a gel. The stacking gel was 5% acrylamide (pH 6.8), and the separating gel was 10% acrylamide (pH 8.8). Pre-stained protein molecular weight markers (BeyoColor TM , Beyotime Institute of Biotechnology, Shanghai, China) were used as a reference for molecular weight. After electrophoresis, gels were stained with Coomassie Blue Fast Staining Solution (P0017, Beyotime Institute of Biotechnology, Shanghai, China) at room temperature for 30 min. The molecular weights and relative content of bands were estimated using a Gel-Pro Analyzer 4.0 (Media Cybernetics Inc., Bethesda, MD) .
Measurement of Protein Concentration and Purity
The purification process was repeated 3 times under the optimum process conditions, and 1 kg of CEW was used in each process. The protein concentration was determined using a Bradford Protein Assay Kit (P0006, Beyotime Institute of Biotechnology, Shanghai, China) and a microplate reader (iMark microplate reader, Bio-Rad, CA) according to the manufacturer's Figure 2 . SDS-PAGE analysis of the supernatants and precipitates obtained by PEG precipitation. A, lane 1, protein marker; lanes 2-9, S 0 , S 3 , S 6 , S 9 , S 12 , S 15 , S 18 , and S 21 were the supernatants from the PEG precipitation step, the subscript number was the concentration of PEG used. B, lane 1, protein marker; lanes 2-9, P 0 , P 3 , P 6 , P 9 , P 12 , P 15 , P 18 , and P 21 were the precipitates from the PEG precipitation step, the subscript number was the concentration of PEG used. OVM, ovomucin; OVT, ovotransferrin; OVA, ovalbumin; OVMD, ovomucoid.
specifications. The purity of OVA samples during the separations was analyzed by reversed-phase HPLC using a VYDAC 214TP C4 column (5 μm, 250 × 4.6 mm; Grace Davison Discovery Sciences, Deerfield, IL) with a Waters 2695 Separations Module (Waters, Milford, MA) according to previous reports .
Yield Determination
The yield was calculated based on the optimized process and a 1 kg scale, using the following formula:
where M is the mass of the OVA samples obtained during the separation, C is the protein content of the final sample determined by the Bradford method, and P is the purity of OVA determined by HPLC, as described above. M 0 is the mass of CEW, C 0 is the total protein content of CEW, and P 0 is the relative content of OVA in CEW total protein.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7.00 (GraphPad Software Inc., La Jolla, CA). A significant difference (P < 0.05) in the means between groups was evaluated by 1-way analyses of variance for multiple comparisons.
RESULTS AND DISCUSSION
Effect of PEG Concentration on the Separation of OVA
The SDS-PAGE results showed that most of the OVA was in the PEG supernatant, whereas only some portion of the OVA was precipitated by PEG ( Figure 2) . As the concentration of PEG increased, the egg white proteins in the PEG supernatant (S 0 to S 21 ) decreased gradually, and OVM completely disappeared in the 9% PEG supernatant, whereas OVT almost completely disappeared in the 15 to 18% PEG supernatant. Correspondingly, in the precipitates (P 0 to P 21 ), OVM rapidly increased in the 6 to 9% PEG precipitation, whereas OVT rapidly increased in the 12 to 15% PEG precipitation. OVA was present in the precipitate and significantly increased in P 12 -P 15 , implying that the yield of OVA would decrease within this PEG concentration range. Therefore, a 15% PEG precipitation concentration was appropriate, and a balance of purity and yield of OVA could be obtained.
PEG is one of the most commonly used polymers for extracting proteins and is widely used as a precipitant and a crystallizer for the precipitation and crystal formation of proteins (Mine and D'Silva, 2008; Du et al., 2015) . According to current theories, the precipitation of the protein using PEG is mainly based on the "volume exclusion effect" (Atha and Ingham, 1981; Bhat and Timasheff, 1992) . PEG molecules have strong hydrophilicity, can strongly adsorb the free water molecules in an aqueous solution, and can form a network structure. Because of the water absorption and steric repulsion of PEG, the protein molecules in the aqueous solution are forced to squeeze together. When the protein concentration becomes higher than its solubility, the protein molecules are "excluded" out of the solution system to form a precipitate (Bassani et al., 2007) . Since the volume exclusion effect is less than the protein hydration, protein molecules lose part of their free water but do not lose their bound water during the precipitation from solution, so the forces are mild and do not generally cause the denaturation of proteins.
The Influence of pH on the Separation of OVA
Proteins are sensitive to external conditions such as solvents, pH, ionic strength, and temperature Savadkoohi et al., 2016) . Therefore, during protein extraction, appropriate solution systems and environmental conditions will facilitate the separation of proteins Abeyrathne et al., 2014) . Generally, the amount of protein surface charge is positively correlated with its solubility, and the protein is more likely to be precipitated when the solution pH is close to its isoelectric point. Thus, the pH value has a great effect on the interaction between PEG and protein in aqueous solutions.
Under the natural pH of a CEW-PEG solution (9.2), the purity of OVA in S 15 was 70.4%, which was higher than that in CEW (approximately 55.1%), indicating that OVA was enriched after PEG precipitation. However, the yield of OVA was only 45.8%, meaning that more than half of the OVA was precipitated with other egg white proteins during the PEG precipitation. To improve the separation efficiency of PEG precipitation on OVA, the influence of pH on the separation of OVA was examined. The pH value of the CEW-PEG solution (15% PEG, w/w) was adjusted to 4.0, 4.5, 6.5, and 8.5, and the OVA-rich supernatants (S 15 ) were obtained by centrifugation, then the purity and yield of OVA were calculated based on the electrophoresis images of S 15 . The results showed that the purity of OVA was the highest at 78.1% when the pH was 6.5 and was the lowest at 54.4% when the pH was 4.0. The yield of OVA was similar when the pH value was natural (45.8%), 6.5 (44.4%), and 8.0 (45.0%) but was significantly decreased when the pH value decreased to 4.0 (26.4%) and 4.5 (12.5%) ( Figure 3A) . These results suggest that pH has an important impact on the separation of OVA during PEG precipitation.
The isoelectric point of OVA is approximately 4.5, at which OVA is electrically neutral and most likely to be precipitated by PEG, leading to an extremely low yield at pH 4.5. Except for OVA, the major protein in the 15% PEG supernatant was OVT, and the isoelectric point of OVT was 6.5; therefore, it would be more efficiently precipitated from the CEW-PEG solution by adjusting the pH value of egg white-PEG solution to 6.5 (Mine and D'Silva, 2008) . This could explain why the purity of OVA was increased 9.2% while maintaining a similar yield at pH 6.5 compared with the natural pH. Based on these results, pH 6.5 was selected as the best solution condition for PEG precipitation.
The Influence of Salt on PEG Precipitation
The ionic strength of the solution can impact the interaction between CEW proteins, and it has an important influence on the effects of PEG precipitation (Omana and Wu, 2009; Omana et al., 2010; Nasabi et al., 2017) . The effect of ionic strength on the separation of OVA was studied by gradually increasing the NaCl concentration in the CEW-PEG solution. Results showed that both the purity and yield of OVA first increased and then decreased as the NaCl concentration increased from 0 to 200 mmol/L ( Figure 3B ), and the purity and yield of OVA were restored when the salt concentration continued to increase to 500 mmol/L. The purity and yield reached their highest at a salt concentration of 100 mmol/L, with values of 81.3 and 52.0%, respectively. This showed a significant improvement compared with not adding salt. Therefore, a 100 mmol/L NaCl concentration was chosen as the best condition for the separation of OVA.
The Influence of Temperature on PEG Precipitation
The effect of temperature on PEG precipitation was studied in the range of 5 to 25
• C. Results showed that the effect of temperature on the purity and yield of OVA had an opposite trend. With an increase in temperature, the purity of OVA gradually decreased from 88.6% at 5
• C to 75.5% at 25
• C, but the yield was increased from 50.2% at 5
• C to 56.2% at 25
• C ( Figure 3C ). Relatively speaking, the purity of OVA had a faster rate of decline compared to the rate of rise of the yield of OVA. Besides, for high value-added applications, the purity of OVA is a more important indicator than the yield because high purity will expand the scope of applications and improve the value of OVA. Correspondingly, the yield is a secondary indicator because of the low cost of raw CEW. In addition, taking into account the energy consumed to control the temperature, 10
• C is an optimal condition for PEG precipitation. At this temperature, the purity of OVA reached 87.7%, and the yield of OVA remained higher than 50% (51.2%).
The Optimized PEG Precipitation
Based on the above results, the optimal process parameters of PEG precipitation were as follows: the PEG concentration was 15%, pH of CEW-PEG solution was 6.5, salt concentration was 100 mmol/L, and operating temperature was 10
• C. Under the improved PEG precipitation procedure, the supernatant obtained from the PEG precipitation (15%) was analyzed by HPLC. The results showed that the purity of OVA in the sample was calculated at 90.0% (Figure 4 , chromatogram C) and had a 14.4% increase compared to the preoptimization PEG precipitation. Meanwhile, the yield of OVA was 50.4%, with a slight decrease compared to the pre-optimization process (Table 1) .
Extraction of OVA from PEG Solution by Isoelectric Precipitation
The supernatant obtained from PEG precipitation was rich in high-purity OVA, but how to separate proteins from the PEG solution was a problem. Here, the isoelectric precipitation method was used to extract OVA from the PEG solution. Since the isoelectric point of OVA is 4.5, the pH value of the S 15 solution was adjusted to this pH, and a large amount of the OVA precipitate was observed to be generated from the solution. To facilitate the formation of OVA precipitate, this step was performed at 4
• C. After centrifugation, the purity of OVA in the obtained sample was 95.1%, a 2.6% increase compared to the previous step (Figure 4 , chromatogram D). This result indicates that during an isoelectric point precipitation, some of the other egg white proteins remain in the PEG solution without being precipitated along with OVA. However, after the isoelectric precipitation, the yield of OVA continued to decrease to 46.4% (Table 1) . Regardless, isoelectric precipitation, which extracted OVA from the large amount of PEG solution by only a simple operation, was a very effective step for the purification of OVA with improved purity.
Recycling of PEG
PEG is a low-cost chemical that can be acquired on a large scale and has been widely used in cosmetic and medical products because of its harmlessness to the human body. However, the price of PEG is still more than 10 times expensive than inorganic salts, such as NaCl or NH 4 SO 3 , which are commonly used in protein preparations. Therefore, the recycling of PEG would greatly reduce the preparation cost for OVA. For the recycling of PEG, the final PEG solution was vacuum dried and then utilized cyclically in additional PEG precipitation steps.
Purity and Yield of OVA
The purity of OVA in CEW and samples that obtained during purification were analyzed by HPLC. The chromatogram displayed a main symmetrical peak of OVA with a retention time of 14.5 min (Figure 4) . The purity of OVA was calculated by the peak area normalization method, and the purity of OVA in the final sample was 95.1%. The yields of OVA were calculated and are summarized in Table 1 . Approximately 26.3 g of purified OVA was obtained from 1,000 g of raw CEW, and the overall yield of OVA was 46.4%.
Throughout the entire purification process, the greatest increase in OVA purity was obtained through the PEG precipitation step, especially by the optimized PEG precipitation. At the same time, the loss of OVA yield was also greatest in this step. An isoelectric precipitation step can increase the purity of OVA, but at the same time, it also causes a slight decrease in the OVA yield. However, the significance of the isoelectric precipitation step is that it is very effective in obtaining purified OVA from a large amount of PEG solution and achieving a separation of OVA from most of the PEG. Therefore, the isoelectric precipitation step was very important for the purification of OVA.
CONCLUSION
A new method for the purification of CEW OVA was established in the present study. This method only included 2 steps: PEG precipitation and isoelectric precipitation. By the optimization of the separation parameters, the purity of OVA was more than 95% and the yield was desirable (46.4%). The present method has many advantages compared to previous methods: 1) the required equipment is minimal, with only centrifuges and stirrers being essential; 2) the operation is also minimal, including only stirring and centrifugation; 3) the purification time is extremely short, in that the whole preparation process can be finished within 2 to 3 h; and 4) the process can be easily scaled up.
